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Introduction
Dried blood spots (DBS) is a high potential blood collecting and sampling method which provides several advantages in blood sample collection, storage and transportation against conventional whole blood collection or plasma collection [1] [2] [3] . Recently, DBS method has been widely investigated in multiple aspects and applications, i.e. Therapeutic drug monitoring (TDM), Pharmacokinetic, clinical studies etc. [4] [5] [6] [7] [8] [9] [10] [11] [12] . However, there are some disadvantages in the DBS process, such as, unequal distribution, haematocrit effects and analytes extraction, which limited the application of DBS for high sensitive and quality analysis [1, 2, 4, 6, [13] [14] [15] . Although, new developments and application of DBS have been intensively studied from both experimental and clinical points of view, hydrodynamics of spreading/imbibition of blood in the course of sampling was investigated only recently [16, 17] .
The principle of DBS application is as follows: using a thin porous substrate, such as cotton fibres, cellulous fibres and polymer membrane etc., as an absorbent sponge where blood droplet from a fingertip or syringe is collected and the blood preserved as a dried spot sample. Therefore, the whole process of DBS sampling could be considered as spreading of non-Newtonian fluid (blood drop) over porous substrate (DBS card) with simultaneous penetration and spreading inside the porous substrate.
The spreading and wetting of porous substrate by blood are complex process depending on the physical and chemical properties of both a substrate and a liquid (blood).
Investigations of wetting and spreading of pure Newtonian [18] [19] [20] [21] and non-Newtonian liquids [22, 23] over smooth homogeneous surfaces have been well documented in the literature. However, the spreading and wetting condition of a drop on a porous substrate are obviously different due to the presence of a porous layer. This process has been investigated recently in the case of spreading/imbibition of Newtonian liquids [20, 21] and in the case of blood spreading/imbibition [16, 17] in the case of complete wetting.
Below influence of hydrophilicity of the porous substrate on blood spreading is investigated. For this purpose spreading of a blood droplet over porous substrate in the case when blood wets only partially the porous substrate is investigated. Firstly, the difference between a complete wetting and a partial wetting of the porous substrate in the case of spreading/imbibition process is clarified below.
Partial wetting case
The spreading of a droplet over a porous substrate in this case can be subdivided into three stages as schematically shown in Fig. 1a : (1) a relatively fast spreading during the first stage until the radius of the droplet base reaches the maximum value and the contact angle reaches the value of static advancing contact angle; (2) during the second stage the contact line remains fixed at the maximum value but the volume decreases due to loss caused by the imbibition into the porous substrate, while contact angle during this stage decreases from the static advancing contact angle to static receding contact angle; (3) during the third stage of spreading/imbibition the shrinkage of the drop base takes place at constant static receding contact angle until complete disappearance. Fig. 1a . Droplet spreading/imbibition over porous substrate in the case of partial wetting: three stages of spreading/imbibition. L ad is the maximum radius of droplet base, θ ad is the advancing contact angle, t ad is the time when θ ad is reached, θ r is the receding contact angle, t r is the time when θ r is reached and t * is the time when complete imbibition is finished.
The characteristic feature of spreading/imbibition process in the case of partial wetting is the presence of stage 2, when the edge of the droplet is pinned: this is caused by the contact angle hysteresis.
Complete wetting case
In this case there is no contact angle hysteresis and the stage 2 is absent. The spreading process can be subdivided into two stages: (1) a relatively fast spreading case. During this stage radius of the droplet base reaches its maximum value; (2) this stage is followed by stage 3 when the imbibition prevails over the spreading and the radius of the droplet base is shrinking ( Fig. 1b ). Note, there is no contact angle hysteresis in the case of complete wetting.
However, over the most part of the stage 3 in the case of complete wetting the contact angle retains the constant value, which has nothing to do with contact angle hysteresis but determined by a pure hydrodynamic reason. only two stages of spreading/imbibition in this case. L m is the maximum radius of droplet base, t m is the time when L m is reached, θ m is the contact angle at t m , t * is the time when complete imbibition is finished and θ f is the final contact angle at t * . Note, in the case of complete wetting the stage 2 is absent (see Fig. 1a ).
Below the spreading behaviour of blood over nitrocellulose membranes with different average pore sizes and treated (hydrophobised) Whatman 903 filter paper is investigated.
Due to the similarity of the rheological properties of pig's blood to human blood, such as, blood viscosity, plasma viscosity and others, porcine blood with different haematocrit levels was used below.
Materials and methods
The spreading experiments were carried out to monitor time evolution of droplet height, radius of spreading, dynamic contact angle and radius of the wetted spot. Earlier [16, 17] the spreading behaviour of blood on commercial DBS filter paper has been investigated in the case of complete wetting. Below the spreading/imbibition in the case of partial wetting is investigated. For this purpose the nitrocellulose membranes with several different pore sizes and silanized (hydrophobised) Whatman 903 filter paper were used as model porous substrate to investigate the effects of hydrophobicity of the porous substrate on the process. Blood samples with two different haematocrit levels, 30% and 50%, were used to investigate the effects of haematocrit level in the case of partial wetting.
Materials and instruments
Porcine blood was collected in EDTA anti-coagulated tubes (International Scientific Supplies Ltd. Bradford, UK) from a local butcher and treated to have different haematocrit levels [16, 17] . The blood samples of two different haematocrit levels, 30% and 50% were chosen and used in the spreading experiments. Whatman 903 filter paper (blood saving card) and nitrate cellulose membranes with pore sizes 0.2, 3 and 8 µm (marked by the supplier), both provided from GE health care (UK), were used as model porous substrates. The porosity of the Whatman 903 filter paper was in the range of 0.54 to 0.6 and the thickness was 500 ± 25µm measured by SEM. All samples used of nitrocellulose membranes were plane circles of radius 47mm and thickness in the range of 105-140 µm. The porosity of the membrane ranges between 0.66 and 0.84 as provided by the manufacturer.
AVT Pike F-032 high performance camera (Allied Vision Technologies, UK) was used for the top view recording of both porous substrates as well as side views recording of blood spreading over nitrocellulose membrane, and I-Speed high speed camera (Olympus, UK) was used for side view recording on Whatman 903 filter paper. The optical objective used in side view experiment for drop spreading was IF-3 standard (INFINITY PHOTO-OPTICAL GmbH, Germany). KRUSS DSA100 and drop shape analysis (KRUSS GmbH, UK) was used to determine the advancing and receding contact angles of blood droplets on all porous substrates used.
Silanization of Whatman 903 filter paper
Silanization is the covering of a surface via self-assembly with organofunctional alkoxysilane molecules to increase the hydrophobicity. Materials containing hydroxyl group, such as glass, metal oxide surface and cotton, can be silanized due to the formation of covalent bonds, which were caused by the hydroxyl groups attacking and replacing the alkoxy groups of the silane. The goal of silanization is to form organic silane layer on the surface of cotton fibers which allows obtaining the porous substrates of the same porosity, however, with higher hydrophobicity.
Whatman 903 filter paper was dried for one hour at 140 °C and directly placed into a sealed dried temperature chamber with silicone gel to eliminate the effects of the humidity. APTES (3-aminopropyl-triethoxysilane) purchased from Sigma-Aldrich (UK) was poured into Petri dish and placed into the same temperature chamber at 25 °C for slowly evaporation to silanize the surface of fibers inside Whatman 903 filter paper. Each Whatman 903 paper was silanized for over 48 hours. The experimental setup used for spreading experiments is shown in Fig 2, which is the same design as used in [17] . The nitrocellulose membrane was placed in the centre of the environmental chamber to control the temperature and humidity. Silicone gel was placed into the chamber to maintain constant humidity. The environmental chamber was mounted on a vibration-control stand to prevent vibrations. The spreading process of blood drops over porous substrates was recorded and analysis using the top and side views.
Spreading experiments: nitrocellulose membranes
In each spreading experiment a constant value of blood droplet volume was produced using 5.00± 0.25 µl syringe and placed on the nitrocellulose membrane within less than 1mm dropping distant to ensure the consistency of each experimental measurement. The time evolution of volume of blood droplets were measured and calculated using the recorded images for all spreading samples. Due to the thin thickness of porous substrate, the cross section of the porous substrate was assumed to be fully saturated as shown in Fig. 3 . All experimental data for each porous substrate used were averaged using at least ten repeated spreading experiments.
Spreading experiment: silanized Whatman 903 filter paper
The spreading experiment of un-silanized Whatman 903 filter paper was reported in our previous experimental paper [17] . The experimental setup and method were the same as shown in Fig. 2 . The treated paper samples were placed into the temperature and humidity controlled chamber at 25 °C and controlled humidity. Blood samples with 30% and 50% haematocrit levels were placed on the porous substrate using 10 ± 0.5µl syringe. The initial volume was calculated and checked for each experimental run. Due to the very short duration of the spreading process of blood spreading/imbibition over Whatman 903 filter paper (less than 0.5 second) I-Speed high speed camera was used to monitor the process. Side view images were recorded at 600 frames per second and the top view images were recorded at 60 frames per second. The time evolution of radius of the droplet base, radius of the wetted region, droplet height and dynamic contact angle were recorded and calculated from the result of both top and side view images.
Measurements of static receding and advancing contact angles
The static receding and advancing contact angles of blood with different haematocrit levels, 30% and 50%, were determined using additional experiment on nitrocellulose membranes with the following average pore sizes: 0.2, 3.0 and 8.0 µm. Silanized Whatman 903 filter paper showed complete spreading behavior (see Fig. 1b and below). However, in the case of complete wetting there is no hysteresis of contact angle. Because of that measurement of hysteresis contact angles were conducted on nitrocellulose membranes only.
The experimental setup is shown in Fig. 4 . The membrane substrate was mounted and fixed on a flat horizontal stand. The blood droplets were pumped in/out the membrane using a syringe pump. The droplet height and radius of the droplet base were measured and the contact angle was calculated using KRUSS DSA 100. Static advancing contact angle was recorded at the time when the base radius of the sessile drop of blood stated to move, which was caused by pumping blood by the syringe. The receding contact angle was determined at the moment when the radius of base of sessile drop started to decrease which was caused by the sucking of blood by the syringe pump. [24, 25] 
Measurements of the permeability of porous substrate
The permeability of porous substrate and effective capillary pressure are considered as a single coefficient in our previous theoretical model for the complete wetting case [16] . This coefficient was obtained from the permeability experiments based on the modified Darcy's law. Rectangular sheets of 1.5cm * 6.0 cm were used. Each sheet was immersed 0.1-0.3 cm into a blood container and the position of imbibition front was monitored by high speed camera. It was shown earlier that the blood is shear thinning behaviour, which viscosity, η, is well described by simple power law equation: =̇− 1 , where ̇ is applied shear rate, k is the flow consistency index and n is the fluid behavior index. According to modified Darcy's law [16] , the position of imbibition front can be expressed by following equation:
where d(t) is the position of the imbibition front inside the filter paper, K n is the permeability coefficient, and P c is the capillary pressure. The value of the coefficient, 
Results and discussion

Spreading experiment
Note that the size of RBCs is around ~ 4µm. That is only plasma can penetrate into pores of nitrocellulose membranes with 0.2 and 3.0 µm pores; but both plasma and RBCs penetrate into pores of 8 µm membrane and Whatman 903 filter papers. There is a significant different between the kinetics of spreading over two different types of porous substrates used. The total duration of the spreading process of 10 µl sample over silanized Whatman 903 filter paper was around 0.3 second for 30% haematocrit level and 0.47 second for 50% haematocrit level. It was also found that in spite of silanization the Whatman 903 filter paper still showed the complete wetting behaviour (see Fig. 1b ).
However, the spreading time over nitrocellulose membrane was up to 20 second for 30% haematocrit level and 180 second for 50% haematocrit level over the membrane with 8 µm pore size. There was also a substantial different in the spreading behaviour of blood on nitrocellulose membrane with different pore sizes beside the spreading time difference between the two different porous materials used. Time evolutions of base radius of blood drop over two different porous substrates are shown in Figs. 5 and 6. Fig. 5 presents the results of time evolution of radius of droplet base over nitrocellulose membranes. The dependences presented in Fig. 5a prove that the whole spreading process on the 8.0 µm membrane can be subdivided into three stages, as shown earlier (see Fig.1a ), which is a characteristic feature of the partial wetting case. During the fast first stage drop spread until the maximum radius, L ad , was reached; after that the second stage began where the radius of the droplet base was pinned at the maximum position; and finally, during the third stage the drop radius began to shrink. During the third stage the contact angle remains at the constant value equaled to the static receding contact angle until the complete imbibition of the blood droplet (see Fig. 9 ). Therefore, blood drop spreading/imbibition over nitrocellulose membranes was a partial wetting process. Note, the pore size of the 8.0 µm membrane was bigger than the size of RBCs, which means, both plasma and RBCs penetrated into the membrane.
The time evolution of radius of droplet base on 0.2 and 3.0 µm membranes shown in Fig.   5b proceeded much faster as compared with 8.0 µm membrane in spite both cases were partial wetting. The difference is caused by smaller pore sizes of 0.2 and 3.0 µm membranes:
RBCs did not penetrate into the membrane pores and only plasma did. However, the plasma viscosity is much lower as compared with mixture of plasma and RBCs as in the case of 8.0 µm membrane. It was the reason why spreading over 0.2 and 3.0 µm membranes was considerably faster than over 8.0 µm membrane (Fig. 5 ).
In all our spreading experiment the drops spreading over silanized Whatman 903 filter paper and nitrocellulose membranes with different pore size remained spherical shape over the entire duration of spreading. The spherical cap shape allowed calculating the dynamic contact angle of each droplet using the droplet radius base and height according to wellknown equations [17] .
In the case of spreading over 0.2 and 3.0 µm pore size nitrocellulose membranes the RBCs did not penetrate inside the membrane pores. That is, the droplet did not penetrate completely into the membrane pores and the final radius of the droplet base did not vanish ( Fig. 5b) : only stages 1 and 2 are present in this case. Situation is completely different in the case of spreading of blood droplets over silanized Whatman 903 filter paper ( Fig. 6 ): in spite of silanization of Whatman 903 filter paper it still showed a complete wetting behavior (compare Fig. 6 and Fig. 1b ). However, the dynamic contact angels in the course of spreading on silanized filter paper were higher as compared with un-treated filter paper (see below). Completely different blood spreading/imbibition occurred in the case of nitrocellulose membrane with 8 µm pores. In this case both plasma and red blood cell penetrated into the membrane. A considerable separation of RBCs and plasma occurred inside the membrane during the spreading/imbibition process of blood on 8 µm membrane. According to top view images there was a separation of two fronts inside the porous membrane in this case: the outer region of the blood spot was much more transparent and the inner region was denser red colour. The latter means that plasma penetrated faster as compared with RBCs. The whole penetration process can be separated into two stages: during the first stage after the blood droplet deposition the wetted region inside the membrane started to increase and formed two different penetrating fronts. The spreading rate of the outer front of the wetted spot (plasma) was considerably faster compared with the inner front (plasma and RBCs) until the droplet fully penetrated and absorbed into the membrane. In the end of this stage, the increase of outer front slowed down and stopped after all. After that the outer edge of the wetted spot did not expanded any more. After that the second stage started; the inner front continued to increase until it reached the edge of the outer region and completely occupied the whole wetted region. The total duration of the second stage was around 10-15 minutes. These finding are interesting by themselves and probably can be used in the future sampling procedure.
However, there is no noticeable separation of RBCs and plasma in the case of spreading of blood on silanized Whatman 903 filter paper.
Dimensionless variables and plots: The time evolution of radius of droplet base of
30% and 50% haematocrit level over 0.2, 3.0 and 8.0 µm pore size nitrocellulose membranes
In the case of partial wetting, contact angle hysteresis is the most important feature: in the presence of contact angle hysteresis the spreading/imbibition of a sessile droplet goes through three consequent stages (Figs. 1a and 5a) . The advancing and receding contact angles were obtained from our contact angle experiments as described above and listed in the Table 2 .
Note, that in the case of membranes with 0.2 and 3 µm pores, RBCs do not penetrate into the membrane pores. That is, in spite of partial wetting, the spreading process proceed differently from NCM with 8 µm pores: only first and second stage take place and the contact angle remained almost constant during the measurements after the first stage.
In order to compare the spreading behaviour of blood on different nitrocellulose membranes, the dimensionless parameters were used below to compare the spreading behaviour on different time scales.
For radius of droplet base, radius of wetted region, contact angle and time the following dimensionless values are used below:
where L ad is the maximum radius of droplet base, l* is the radius of wetted region at the end of the process, t * is the time when complete imbibition is finished (see Fig. 1a ). All corresponding parameters are shown in Table 2 . Fig. 8 shows that in spite of substantial difference in the spreading behavior of blood droplets on different nitrocellulose membranes (see Fig. 5 and 7) the radius of the wetted area shows a universal behaviour in dimensionless co-ordinates (within experimental error). In Fig. 9 time evolution of the dynamic contact angle in the course of spreading is shown.
Dependences of the dynamic contact angle show two different types of universal behavior:
for membrane with pores bigger than the size of RBCs, that is 8µm, and membranes with smaller pores, where the RBCs did no penetrate (0.2 and 3 µm). In the case of 8 µm NCM, the contact angle is equal to the measured earlier receding contact angle, while for 0.2 µm NCM the contact angle remained almost equal to advancing contact angle after stage 1.
Dimensionless variables and plots:
The time evolution of radius of droplet base of 30% and 50% haematocrit level over silanized Whatman 903 filter paper.
In this case the blood droplet showed a complete wetting behaviour (Figs. 1b and 6) in spite of hydrophobisation of the filter paper. Hence, a universal behaviour observed and described earlier [16, 17] is expected.
In this case the following dimensionless variables were used as in [16, 17] :
where L m is the maximum radius of droplet base, l* is the radius of wetted region at the end of the process, t * is the time when complete imbibition is finished (see Fig. 1b ). However, in this case as in [16] all relevant parameters, L m , l * , t * , θ m , are calculated in the same way as in [16] and shown in Table 3 . Table 3 shows that the main difference between the silanized and non-treated filter papers is the value of contact angle, θ m , which are substantially higher in the case of silanized filter paper as compared with non-treated filter paper. This was the influence of silanization (hydrophobisation) of the filter paper.
The maximum radius of wetting region can be determined according to the mass conservation law,
where V 0 is initial droplet volume, m is porosity of the porous substrate; Δ is the thickness of porous substrate. All three V 0 , m and Δ were directly measured in [16] . The complete imbibition time can also be determined based on our adoption of the characteristic time, * p t [16] :
where the ν is an almost universal numerical parameter, which is around ~0.24±0.04 and * , which depends on the value of the coefficient of permeability and capillary pressure as shown in Table 1 . [17] Due to the fast expansion of the blood spreading, the equation of droplet spreading, the maximum droplet base radius, L m , can be approximately approached by the following equation from the model of droplet spreading over saturated porous layer [26] :
where σ is the surface tension of blood and t 0 is the duration of initial stage which is close to zero; 7 3 + = n n α ; λ is a constant, which has been determined in [27] . The value of each parameters used in theoretical prediction is the same as in [16] . As for the contact angle θ m , the value of simulated prediction can be obtained from the following equation: 
The calculated prediction of t * , l * , L m and θ m for silanized filter paper using the simulated result and the coefficient of permeability and capillary pressure from additional experiment ( Table 1) are presented in Table 4 . The result of calculated parameters shows a good agreement as compared with our experiment observations (Table 3) , which indicates that our complete wetting model is also applicable for the spreading process on silanized filter paper. Figs. 10-12 prove that the same universal behavior is still valid for more hydrophobic silanized filter paper.
Conclusions
The spreading behaviour of blood droplets with two different haematocrit levels on different porous substrates has been investigated: nitrocellulose membranes (NCM) of three different pore sizes 0.2, 3 and 8 µm and silanized Whatman 903 filter paper. It was shown that blood droplets showed a partial wetting behavior on all NCM. However, in spite of silanization of the Whatman 903 filter paper, the blood droplet showed a complete spreading behavior. The silanization caused a considerable increase in the dynamic contact angle, but the spreading behaviour still remained complete wetting. Our results proved that only plasma and very few RBCs penetrated into the porous membrane in the case of the blood spreading over 0.2 and 3.0 µm nitrocellulose membranes. This opens a new possibility of blood sampling, when the RBCs are mostly collected on the membrane surface and almost completely separated from plasma, which is collected inside the membrane pores. Important to emphasize, that in the course of spreading over 0.2 and 3.0 µm nitrocellulose membranes the red bold cells were not damaged. This opens a completely new opportunity to (1) investigate RBCs and plasma separately; (2) to use this method for non-destructive separation of living cells from aqueous solutions.
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